Background: Low-dose theophylline has been recognized for its ability to restore histone deacetylase-2 activity which leads to improved steroid responsiveness and thus improved clinical outcome. We retrospectively evaluated the effect of low-dose theophylline therapy in pediatric patients hospitalized for an acute asthma exacerbation as a proof of concept study. Methods: We compared patients who received low-dose theophylline (5-7 mg/kg/day) in addition to current standard of care to patients who were treated with current standard of care alone. The primary outcome of the study was hospital length of stay (LOS). Generalized linear mixed-effects modeling (GLMM) was used to test whether receiving theophylline independently predicted outcomes. A Cox (proportional hazards) regression model was also developed to examine whether theophylline impacted LOS. Results: After adjustment for illness severity measures, theophylline significantly reduces LOS (β=-21.17, P<0.001), time to discontinue oxygen (β=-15.88, P=0.044), time to spirometric improvement (β=-16.60, P=0.014), and time to space albuterol (β=-23.2, P<0.001) as well as reduced costs (β=-US$2,746, P<0.001). Furthermore, theophylline significantly increased the hazards of being discharged from the hospital (hazards ratio =1.75, 95% confidence interval 1.20-2.54, P=0.004). There was no difference in side effects between patients who receive low-dose theophylline and those who did not.
Introduction
Theophylline has been used for over 70 years for its bronchodilation properties in the management of asthma and is widely prescribed throughout the world today. 1 It is well known for its bronchodilator properties by competitive inhibition of the phosphodiesterase enzyme which results in increased cyclic adenine monophosphate and subsequent smooth muscle relaxation. 2 To achieve optimal bronchodilation while minimizing side effects, the serum concentrations must be frequently monitored to be maintained within a narrow therapeutic range (10-20 mg/mL). 3 When the recommended serum theophylline concentrations are exceeded, side effects can include headaches, dizziness, nervousness, insomnia, nausea, and vomiting. More serious, but rare, side effects include cardiac dysrhythmias and seizures.
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Theophylline's bronchodilator effects have made it a mainstay of therapy for inpatient asthma management for decades. 4 Given the potential toxicity and unclear efficacy, the intravenous (IV) formulation of theophylline has fallen out of favor for bronchodilation with the rise of selective beta agonists, and its use is now discouraged by national Asthma education and Prevention Program (nAePP) guidelines. 5 Despite this, published surveys continue to report its use in the pediatric intensive care unit (PICU) for severe refractory patients. 6 Over the past two decades, there has been increasing interest in the potential role of low-dose oral theophylline (5-7 mg/kg/dose) as an adjuvant therapy in the management of asthma for its anti-inflammatory properties. 7, 8 In this dosing range, side effects are diminished, and there is a less need for chronic monitoring of levels. The most recent iteration of the Global Initiative for Asthma guidelines includes low-dose theophylline as a possible adjunctive outpatient controller therapy, 9 though the 2007 nAePP guidelines do not make reference to low-dose theophylline specifically. neither set of guidelines remark on the use of low-dose theophylline for acute status asthmaticus.
Theophylline, at low plasma concentrations, may act as an immunomodulator by exerting an inhibitory effect of T-lymphocytes in the airway of asthmatic patients, 8 inducing neutrophil apoptosis, 10 and suppressing inflammatory gene expression. 11 In addition, theophylline may prevent downregulation of β receptors by β 2 agonists. 12 One of the most important anti-inflammatory properties of low-dose theophylline is its ability to restore histone deacetylase-2 (HDAC2) activity which leads to improved steroid responsiveness. 11, 13, 14 Although theophylline at conventional doses is well studied in acute asthma, there remains a paucity of information on the utility of low-dose theophylline in the management of acute asthma. Several studies have examined its use in chronic asthma management in both adults [15] [16] [17] [18] [19] and children, 17, 18 with positive findings in adults but not in children (though passive smoke exposure was not reported in the pediatric studies). The primary purpose of this study was to retrospectively examine whether provider's addition of low-dose theophylline to standard inpatient asthma therapy appeared to be related to clinical improvement and decreased length of stay (LOS) and costs for pediatric patients hospitalized for status asthmaticus.
Methods
study design
A single-center, retrospective analysis of 273 pediatric patients (≥5 years of age), who were hospitalized for >72 hours at a pediatric teaching hospital for status asthmaticus, was performed from August 2008 to July 2010. Status asthmaticus was defined as an acute asthma exacerbation with persistent symptoms unresponsive to initial bronchodilator therapy. Patients may have been admitted to the PICU or general wards. The 72-hour time frame was chosen, as it exceeds the mean LOS in pediatric status asthmaticus of 2.4 days and is a surrogate of more severe disease. At our institution (Kosair Children's Hospital, Louisville, KY, USA), the use of low-dose theophylline has been an acceptable modality in treating children with status asthmaticus if they fail to respond to standard inpatient asthma therapy (including systemic corticosteroids, frequent short-acting β 2 agonists, and anticholinergics). The study was approved by the Institutional review Board of the University of Louisville; the need for patient consent was waived due the retrospective nature of the study. Patients with status asthmaticus as their primary diagnosis were identified using International Classification of Diseases, ninth revision (ICD-9) codes, and their electronic medical records were then evaluated for inclusion in the study.
Patients were excluded from the study if they were taking theophylline as a home medication or were receiving conventional (high) dose theophylline during their hospital admission. Other exclusion criteria included the presence of other chronic lung disease including cystic fibrosis, chronic lung disease of prematurity and sickle cell disease, or microbiological evidence of a concomitant respiratory infection as determined by a sample from sputum, bronchoalveolar lavage (if done), or nasopharyngeal swab. A total of 166 patients met inclusion criteria, and their data were included for analysis. A retrospective, observational study design was used.
Patient demographics were collected, including age, sex, race, LOS, PICU admission, and home asthma medications. The following medications received within 72 hours of admission were recorded: magnesium sulfate (IV bolus or IV drip), ipratropium (scheduled doses or a one-time dose), and systemic corticosteroids (IV or orally [PO] ). The use of supplemental oxygen, time to discontinuation of supplemental oxygen, and time to space albuterol to every 4 hours were assessed. If the patient received low-dose theophylline, the dosage form, dose per body weight, number of doses, and time to start theophylline were collected.
comparison groups
Patients were included in the low-dose theophylline group if they received theophylline at a dose of 5-7 mg/kg/day during their hospital admission. The use of low-dose theophylline was not random and was solely a decision of the attending or consulting physician. During the same time period, a majority 
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Theophylline in the treatment of status asthmaticus of children with status asthmaticus at our institution did not receive low-dose theophylline. As such, a comparison of the two groups allowed us to investigate if low-dose theophylline was associated with significantly different patient characteristics; in addition, an unadjusted view of clinical outcomes at baseline allowing us, thus, to recognize potential confounders and bias which exist between the two groups, as randomization in the current study was not plausible. Adjustments for traditional risk factors and confounders had to be made due to the nonexperimental (nonrandomness) of the study design. All variables significant in the univariate analysis were incorporated in the generalized linear mixed-effects model (GLMM) and the Cox model (as well as whether the patient received theophylline). This included smoke exposure, inhaled corticosteroids (ICSs), long-acting beta agonist (LABA), and oxygen (Tables 1 and 2 ).
Patients were managed based on institution asthma guidelines developed from the 2007 nAePP guidelines 5 and our institutional experience ( Figure 1 ). Patients were given supplemental oxygen to maintain arterial oxygen saturation of 92% or greater. All patients received inhaled short-acting b 2 -adrenergic agonists and systemic corticosteroids. The dose, route of administration, timing of these agents, the use of additional therapy, and subspecialist consultation were left to the hospitalist's discretion. Patients with severe status asthmaticus are generally given IV methylprednisolone at a dose of 1 mg/kg every 6 hours. Therapy is later de-escalated to oral prednisolone at a dose of 1 mg/kg every 12 hours when the patient is clinically improving. If the attack is not deemed severe from the outset, patients are usually started on oral prednisolone at the dose previously stated. When patients show clinical improvement and are able to tolerate inhaled short-acting β 2 -adrenergic agonists every 4 hours, they undergo spirometry to objectively confirm discharge readiness as defined as by a forced expiratory volume in 1 second (FeV 1 )³ 70% or greater of their personal best or predicted value.
statistical analysis
Patients were stratified into receiving theophylline (n=57, 34.5%) and not receiving theophylline (n=109, 65.5%). Chi-squared tests were used to test for differences in categorical variables between those who received theophylline and those who did not, while Student's t-tests were used to test for differences in continuous variables. GLMM was initially used to test whether receiving theophylline independently predicted 1) LOS, 2) time to wean off oxygen, 3) time to spirometric improvement (time to pulmonary function testing [PFT]), 4) time to spaced (every 4 hours) albuterol treatment, and 5) overall costs. All variables significant in the univariate analysis were incorporated in the GLMM (as well as whether the patient received theophylline). Cox (proportional hazards) regression models were developed to examine whether theophylline impacted the hazard of being discharged from the hospital. This is an interesting example in which an increased hazard (being discharged from the hospital) is a good/desired outcome. An economic evaluation was performed concurrently with the intervention trial. Initially, we performed a straightforward cost-minimization analysis. That is, we calculated all costs associated with both using theophylline and not using theophylline and indicated which strategy incurs the fewest costs. In addition, as we hypothesized that LOS would be different between the two management strategies, we performed a cost-effectiveness analysis by calculating an incremental cost-effectiveness ratio (ICer). effectiveness was measured as shorter hospital stay, while all direct costs from our institution were used to define costs. Combined with the within-trial data, an estimate of the ICer according to a traditional decision analytic model was calculated. All costs were in 2010 US dollars (the year the data were collected). The effect of uncertainty in clinical and economic data was assessed by following the techniques outlined in Briggs et al. 20 For threshold analyses, variables were considered sensitive if the incremental cost per hospital-free day exceeded US$100,000. Lastly, we forecasted the potential national savings if theophylline was used in patients with more than 3 days of in-hospital admission approximately 25% of cases.
Results
Fifty-seven patients were included in the low-dose theophylline group and 109 in the control group. The average dose of theophylline received by patients in the low-dose theophylline group was 5.4 mg/kg/day; actual body weight was used unless the ideal body weight was smaller. Treatment with theophylline did not begin until an average of 67.1 hours after admission and was continued for a mean of 3.7 days. The most common theophylline preparation used was a 24-hour extended release product (Theo-24; Actient Pharmaceuticals, LLC, Lake Forest, IL, USA). There was no difference in side effects of therapy between the two groups.
Per our protocol, patients on PO steroids were treated with prednisolone at 1mg/kg/dose twice a day (BID) while those on IV steroids were treated with methylprednisolone 1mg/kg/dose every 6 hours as discussed earlier. In Table 3 , we report that 47.4% of the Theophylline group and 31.2% of the no Theophylline group were on IV steroids, which was a statistically significant difference (P=0.04) and reflected the fact that the Theophylline group represented a more severe group. Incorporation of this variable in the multivariable models had no impact on parameter estimates. We present the most parsimonious model in which dose of steroid was not included.
In addition to being more likely to receive IV steroids, those who received theophylline during their stay in the hospital were significantly more likely to need supplemental 
Discussion
Although the use of conventional doses of theophylline for bronchodilation in acute status asthmaticus is well established, there is currently no literature regarding low-dose theophylline in acute status asthmaticus in either children or adults. Low-dose theophylline has been used in the management of chronic asthma and was recently reviewed elsewhere. 7 Our study is the first to our knowledge to suggest clinical improvement in a cohort of children with severe status asthmaticus treated with low-dose theophylline as an add-on to usual asthma therapy. After adjustment for illness severity measures, low-dose theophylline significantly reduced LOS and hospital costs. The baseline demographics were similar in both the groups at baseline, but a few distinct differences are noteworthy. First, the low-dose theophylline group consisted of more patients who were on a LABA/ ICS combination therapy at home and were still hypoxemic 72 hours into their illness. Therefore, the low-dose theophylline group may have represented a more severe patient population. Second, the low-dose theophylline group consisted of patients who had greater exposure to second-hand tobacco smoke at home. Our study found that it took on an average of 67.1 hours until the first dose of theophylline was administered. This likely explains the greater LOS in those patients who received low-dose theophylline before adjusting for severity of illness. It is possible that the benefit of low-dose theophylline may have been achieved if this therapy was begun earlier.
The pathophysiology behind asthma is complex, has been recently reviewed elsewhere in depth, 21, 22 and is a key in determining pharmacological targets. Ito et al 11 and Cosio et al 23 described a novel mechanism of action of theophylline, the activation HDAC2 to suppress the inflammatory gene transcription. In the asthmatic airways, inflammatory stimuli cause activation of transcription factors, like nuclear factor-κB, which are responsible for histone acetyltransferase (HAT) activation. HAT acetylates core histones and causes an increase in the inflammatory gene transcription. Corticosteroids act to suppress this inflammation by recruiting HDAC2 to the transcription complex of inflammatory genes and reversing the histone acetylation. At low-serum levels, theophylline activates HDAC2 through inhibition of phosphoinositide-3-kinase delta (PI3Kδ) when it is recruited to the inflammatory site by corticosteroids. Inhibition of PI3Kδ has been shown to restore glucocorticoid function in cigarette smoke-exposed mouse models. 24 This effect is lost at higher concentrations by inhibition of HDAC2 by trichostatin A. 25 This mechanism is being targeted in patients with COPD who classically have low HDAC2 levels and in patients with severe asthma, 13, [26] [27] [28] particularly those with exposure to significant oxidative and nitrative stress such as cigarette smoke. [29] [30] [31] recent evidence suggests that passive smoke exposure in children with severe asthma results in impairment of HDAC2 activity as in COPD, suggesting this subset of patients may be at particular risk for developing steroid resistance. 32 Therefore, it is postulated that the addition of low-dose theophylline will exert an anti-asthma effect by increasing activation of HDAC2 which is then recruited by corticosteroids to the site of action to suppress inflammatory genes. It is therefore interesting to note that our theophylline group had greater exposure to passive cigarette smoke, thus a good target for low-dose theophylline treatment.
As with any retrospective review, limitations exist. This is an observational study in which the process governing the exposure to theophylline does not resemble random assignment. As such, it is difficult to definitively attribute all changes in outcomes over time to the exposure to theophylline. Although we discuss and adjust for the numerous (potential and real) confounders, it still raises concerns about whether we empirically defined the attributable protective nature of theophylline (in reducing costs and improving outcomes over time). At best, we can state that there is a strong association between theophylline and improved outcomes over time. However, given that in this retrospective, observational study, clinicians were allowed to manage their patients freely, a truly experimental design was not used, but nonetheless, it is a real-life research. This type of research has been recently applied to improve and set quality standards to understand the optimum role of real-life data in informing meaningful clinical practice guidelines. 33 Therefore, we believe that this study and its results provide the preliminary evidence to support a prospective study in which exposure to low-dose theophylline is decided by random assignment and not clinician preference.
From an adjusted perspective, based on the economic evaluation, the low-dose theophylline management strategy appears superior to not using theophylline. That is, the theophylline group performed better on both attributes -costs and effectiveness. Those who were prescribed theophylline, from an adjusted perspective, had a shorter hospital stay (-0.882 days) and incurred fewer costs (-US$2,746). From an unadjusted perspective, however, the no theophylline group dominated the theophylline group, but this may be an artifact related to the greater illness severity of the theophylline group.
There are an estimated 450,000 admissions for status asthmaticus in the US annually. If only 25% of hospitalized asthmatics were prescribed theophylline (estimated proportion having LOS >3 days; ie, severe asthmatics), we anticipate that theophylline use could introduce US$309M in cost-savings nationally and 99,225 hospital-free days gained (data not shown).
Conclusion
Our study suggests that adding low-dose theophylline to children with status asthmaticus is a safe alternative that may positively affect clinical parameters, shorten hospital stay, and decrease overall health care costs. This study strongly suggests that larger prospective, randomized, double-blinded, placebo-control trials be conducted to confirm and extend our findings.
